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Internal conversion of y  rays from Coulomb-excited nuclear levels cannot be neglected 
compared with the spontaneous and induced positron production in overcritical electric 
fields.  It is shown that both processes are separable by their different distributions with 
respect to the ion angle and the positron energy. 
In overcritical electric fields spontaneous posi- 
tron production may occur as  a result of  an un- 
occupied electronic ls,,, level entering the nega- 
tive-energy cofitin~um,'-~  which is equivalent to 
the decay of  the neutral vacuum into a charged 
one.  It has been proposed4  that the positron emis- 
sion can be experimentally observed in collisions 
of  very heavy ions with 2,  +Z,> ZCr  -  170.  Be- 
cause of  the nonadiabaticity of  the collision proc- 
ess  e +e-  pairs are additionally created by transi- 
tions from the negative-energy  continuum to the 
K shell; this "induced decay"  increases the cross 
section by two orders of  magnit~de.~ 
However, there are  several background effects 
leading to pair formation in heavy-ion  scattering 
that have to be investigated carefully.  Among 
these are conversion of  timelike nuclear brems- 
strahlung photons,  direct pair production by the 
alternating Coulomb field, and internal conver- 
sion of  y  rays from nuclear transitions.  It was 
shown by Reinhardt,  Soff,  and Greiner5  that the 
first process can be neglected (ab„„"+"--  10q8  b) 
while the second one is expected to be important 
only for relativistic ion velocities,  since there is 
an exchange of  two spacelike photons involved. 
The dominant background results from the decay 
of  Coulomb-excited riuclear levels.  Although the 
mean lifetime of  nuclear quadrupole transitions 
with AE > 2nz,cZ- 1 MeV (rdec-  10-  l3 sec) is much 
larger than the collision time (rc,,~l -  10-20  sec) in 
which the spontaneous and induced positrons are 
emitted,  an experimental separation of  both proc- 
esses seems not to be feasible.  If  the scattered 
nucleus and the positrons are measured in coinci- 
dence,  the differential pair-creation  cross sec- 
tion is given by the product of  the scattering cross 
section and the positron emission probability of 
both nuclei: 
d20Cbie- 
dEp da  ion 
t- 
--  -  dY"ar(8ion)  C dWcb 
da  ion  dE,  (E*,8im)-  (1) 
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The probability dW/dE,  is a function of  the posi- 
tron kinetic energy E,  and the scattering angle 
aionO  It depends on the Coulomb excitation proba- 
bility pCb  of  the initial nuclear level, the branch- 
ing ratio PY  for a photon transition into the final 
state, and the corresponding differential pair- 
formation coefficient dß/dE,: VOLUME  36, NUMBER  17  PHYSICAL REVIEW LETTERS  26 APRIL  1976 
For the vacuum-decay experiment kinetic ion  pled-channel code the excitation amplitudes of 
energies just below the Coulomb barrier are  re-  520 states are calculated.  For computational rea- 
quired in order to get a deep "diving in"  of  the K  sons we considered only magnetic substates M =O 
shell (R<<R„  =35  fm for 2,  +Z,  =184).  In this en-  which is exact for 9i0n=1800. In method 2 the 
ergy region the Coulomb excitation is strongly in-  ground-state band and the first ß-  and y-vibra- 
fluenced by the nuclear forces, causing destruc-  tional bands of  the RVM were employed up to spin 
tive-interference effects in the angular distribu-  40*,  including,  however,  all contributing magne- 
tions and excitation functions.  Both excitation  tic substates. 
modes (Coulomb and nuclear) are  contained in the  The branching ratios PY  for the various nuclear 
collective-coupling potential of  Oberacker, Holm,  transitions [see Eq. (2)l follow from the B(E2) val- 
and Scheid.'  Since we are interested in the scat-  ues predicted by the RVM;  these already enter in 
tering of  deformed even-even nuclei (238~-238U),  the excitation process,  The internal-pair-forma- 
the collective rotation-vibration model (RVM)7  tion coefficients, which give the number of  e'e- 
has been applied to describe the intrinsic Hamil-  pairs compared with outcoming photons,  have 
tonian.  Only rotations and quadrupole vibrations  been evaluated in the plane-wave Born approxi- 
are considered since these are  the dominant de-  mation according to ~ose~  and to Akhiezer and 
grees of  freedom.  The large Sommerfeld param-  Berestetskyng  The total conversion coefficients 
eter g  (for U-  U  we have g -  600 even at  the Cou-  agree within 20% with the exact values using Cou- 
lomb barrier) allows a semiclassical treatment  lomb wave functions for the electronic continuum 
of  the excitation mechanism.  The results of  two  states1° even for high charge numbers, whereas 
different types of  calculations have been com-  a wrong distribution with respect to the positron 
pared:  In method 1  all states of  the RVM below  energy is obtained.  Therefore, like in usual ß 
the fission barrier were taken into account.  Ex-  decay we have multiplied dß/dE, with the well- 
citations into the continuum or equivalently Cou-  known correction factor1° reflecting the different 
lomb-fission probabilities have been evaluated  distributions of  electrons and positrons at the 
according to Holm and Greiner.8  Within a cou-  nucleus and normalized this to the total value 
FIG. 1. The differential pair-formation  cross sections (c.m.) with respect to the ion angle for (a) a nonsymmetric 
system (e.g.,  234~-238~)  and (b) a symmetric system (238~-235~).  The solid lines indicate the cross sections for 
e+e- pairs due to the spontaneous and induced decay of  the vacuum (Lo=  10-2  assumed).  The dashed lines give the 
background from Coulomb and nuclear excitation calculated with method 1 (lower curve) and method 2 (upper curve), 
described in the text. VOLUME  36, NUMBER  17  PHYSICAL REV 
from the plane-wave  Born approximation.  The 
numerical results f  or e 'e- pair formation are 
shown in Fig. 1  for the U-U  system at the Cou- 
lomb barrier.  Figure l(a) demonstrates the non- 
symmetric cross sections with respect to the ion 
angle which will be measured in coincidence ex- 
periments allowing distinction between projectile 
and target nucleus (e,g„  234~-238~),  in Fig, l(b) 
the corresponding symmetric results are  plotted 
for 238U-238~  collisions.  In both cases the dashed 
curves are  for  positrons due to Coulomb and nu- 
clear excitation (calculated with methods 1  and 2 
described above) while the solid lines are for 
those caused by the induced and spontaneous de- 
cay of  the vacuum,''  Obviously,  at rather for- 
ward angles the vacuum-decay positrons outnum- 
ber those from the nuclear background by several 
orders of  magnitude,  At 3i0n=200,  for instance, 
the ratio R =  was found to be R  -  300 in the nonsymmetric distribution and R -  50 
in the symmetric case,  For backward ion angles, 
however,  the cross sections only differ by a fac- 
tor of  2.  In the calculation of  the spontaneous and 
induced positron production the K-vacancy proba- 
bility L,  was assumed to be L,  = 10- '.  The corre- 
FIG. 2.  Pair-creation  cross sections as a function 
of  the positron kinetic energy.  The notation of  the sol- 
id and dashed lines is the same as in Fig. l. The dash- 
dotted curve gives a semiquantitative estimate for tlie 
pair production due to higher bad  transitions in the 
238~  nucleus . 
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sponding total pair-formation -Cross sections are 
c~„"'~-=5,0~10-~  b and acbie =1.25~10-~  b 
(method 1) and 2.28 x10-4  b (method 1). 
The differential cross section with respect to 
the positron kinetic energy E,  is  obtained by  inte- 
gration of  Eq. (1) over the solid angle  The 
results are shown in Fig. 2.  Again,  a character- 
istic differente is  found between the pairs orig- 
inating from Coulomb and nuclear excitation 
(dashed curves) and those from vacuum decay 
(solid curve).  Since the maximum nuclear E2- 
transition energy in 238~  is  about 1.8 MeV,  the 
positron spectrum terminates at E,-  800 keV 
while the induced-positron spectrum contains 
much higher energies.  Band mixing due to the 
rotation-vibration interaction has not been con- 
sidered up to now,  It allows higher nuclear tran- 
sition energies wkich can be neglected,  however, 
because of  the small transition probabilities. 
For example, concerning the AE -  3-MeV transi- 
tion between the 2'  member of  the two-phonon 
vibrational band (K = 0  ,n, = 1  ,n,  = 1) and the ground 
state we obtained docbe+e-/d~p-  10-  mb/ke~  for 
E,> 1 MeV.  Even for 100 equivalent transitions 
the nuclear background still remains 2 or 3 or- 
ders of  magnitude smaller than the vacuum-de- 
cay process, as indicated by the dash-dotted line 
in Fig.  2.  This different behavior for positron 
kinetic energies E,> 1  MeV inay also be used to 
distinguish experimentally between both process- 
es.  The uncertainties in the present calculations 
mainly arise from the very-high-spin  states, 
where the RVM  only yields approximate solutions, 
and from an influence of  the octupole bands popu- 
lated in Coulomb excitation of  238U.12 Further- 
more, single-particle E1  transitions with high 
energy cannot be excluded in principle.  Since 
these effects are not able to change the order of 
magnitude, we can conclude that the observation 
of  the positron emission in overcritical electric 
fields should be possible provided that the K-va- 
cancy probability L,  is  larger than about 10'4. 
in this connection it is important to realize that 
K-electron conversion can be induced by  nuclear- 
Coulomb excitation.  One merely has to replace ß 
in Eq.  (2) by the internal conversion coefficient 
for K-shell ele~trons.'~  It results in a total pro- 
duction cross section of  aKe-=2.53  b for the U-U 
system at  the Coulomb barrier.  The correspond- 
ing I(-vacancy  probability as  a function of  the ion 
angle, WKe-(9i,,n), is  presented in Fig. 3,  In  con- 
trast to the K- hole production induced by quasi- 
molecular effects these K holes are created after 
the collision (rx-  10-  l3 sec).  As a consequence, VOLUME  36, NUMBER  17  PHYSICAL REVIEW LETTERS  26 APRIL  1976 
FIG. 3.  K-hole  production probability due to internal 
conversion induced bg nuclear-Coulomb  excitation with 
respect to the heavy-ion  scattering angle in a 234~-238~ 
collision. 
the quasimolecular radiation should not be nor- 
malized to K, transitions of  separated atoms as 
done usually in experiments. 
Finally it should be mentioned that spectroscopy 
of  the X rays in superheavy quasimolecules is 
prevented in most cases for ion energies com- 
parable to the Coulomb barrier.  Our calculations 
concerning the U-U  system indicate that the Cross 
sections for nuclear photon transitions following 
Coulomb excitation and for molecular K, transi- 
tions (L,  = 10-  2,  are of  the Same order of  magni- 
tude in the energy region Ey  -600  keV, whereas 
at  Ey  -  900 keV the nuclear contribution is already 
enhanced by roughly a factor 100.  At the united- 
atom limit (AE2P3/2  ..  1S112 -  1330 keV for 2,  +Z, 
= 184)14  the nuclear photon spectrum is  absolutely 
dominant even for L, -  1. 
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